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2.	 We	 investigated	 how	 prescribed	 vegetation	 burning,	 atmospheric	 pollution	 and	
grazing	are	related	to	vegetation	communities	and	cover	of	four	key	taxa	(Sphagnum 
spp.,	Calluna vulgaris, Eriophorum vaginatum and Campylopus introflexus)	using	two	
datasets	from	a	total	of	2,013	plots	across	95	peatland	sites	in	the	UK.
3.	 Non-	metric	 multidimensional	 scaling	 and	 permutational	 multivariate	 analysis	 of	
variance	 showed	 differences	 in	 vegetation	 community	 composition	 between	
burned	and	unburned	plots	at	regional	and	national	scales.
4.	 Analysis	showed	that	burned	sites	had	less	Sphagnum	and	greater	C. vulgaris cover on 
a	national	scale.	On	a	regional	scale,	plots	burned	between	2	and	10	years	ago	had	
greater	cover	of	invasive	moss	C. introflexus	and	less	E. vaginatum	than	unburned	sites.
5.	 Livestock	presence	was	associated	with	less	Sphagnum and C. vulgaris,	while	atmos-
pheric	pollution	was	associated	with	less	Sphagnum,	but	greater	C. introflexus	cover,	
and	appeared	to	have	more	impact	on	burned	sites.
6. Synthesis and applications.	Burning,	grazing	and	atmospheric	pollution	are	associ-








Peatlands	 cover	 an	 estimated	 4	 million	 km2	 globally	 (Yu,	 Loisel,	
Brosseau,	Beilman,	&	Hunt,	2010),	and	are	important	for	carbon	stor-
age,	hydrological	function	and	biodiversity	(Evans	et	al.,	2014).	Plant	
community	 composition	 impacts	 these	 functions	 (e.g.	 Kivimaki,	 Yli-	
Petays,	&	Tuittila,	 2008),	 so	 knowledge	 of	 how	peatland	vegetation	
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its	 re-	establishment	 is	 often	 a	 focus	 in	 peatland	 restoration	 (Evans	
et	al.,	2014;	Rochefort,	2000).	Sedges	such	as	Eriophorum vaginatum 
also	form	peat,	and	can	colonise	and	stabilise	eroding	peat	(Evans	&	
Warburton,	2008).	Dwarf	 shrubs	 such	as	Calluna vulgaris	 occur	nat-




bon	 production	 (Armstrong	 et	al.,	 2010).	 Invasive	 species	 including	




Fire	 is	 common	 in	 peat-	rich	 biomes	 and	 can	 threaten	 carbon	
stocks	 (Turetsky	 et	al.,	 2015).	 Prescribed	 burning	 occurs	 on	 many	
peatlands	 globally	 for	 purposes	 including	 wildfire	 prevention,	 for-
estry,	 land	 clearance	 and	 habitat	 management	 (Brown,	 Palmer,	
Johnston,	 &	Holden,	 2015;	 Buytaert	 et	al.,	 2006).	 Unlike	wildfires,	
prescribed	burns	are	usually	controlled	to	ignite	vegetation,	but	not	
the	underlying	peat.	In	the	UK,	patches	of	up	to	4000	m2 are burned 
in	 rotations	of	5–20	years	 to	 create	a	mosaic	of	C. vulgaris	 ages	 to	
improve	 forage	 and	 nesting	 habitat	 for	 the	 game	 bird	 red	 grouse	
(Lagopus lagopus scotica).	Despite	guidance	against	burning	on	deep	




burning	 (Brown,	Holden,	&	Palmer,	 2016;	Dougill	 et	al.,	 2006),	 and	
further	 evidence	of	 how	 it	 affects	vegetation	 is	 required	 to	 inform	
management	and	policy.
Fire	 can	 affect	vegetation	 by	 both	 combustion	 and	 alteration	 of	
local	 environmental	 conditions.	 For	 example,	 greater	 peat	 bulk	 den-
sity	(Holden	et	al.,	2015)	and	lower	near-	surface	hydraulic	conductiv-
ity	 (Holden	 et	al.,	 2014)	 in	 recently	 burned	 areas	may	 reduce	water	
availability	 to	 Sphagnum,	 which	 relies	 on	 passive	 capillary	 transport	
(Thompson	&	Waddington,	2008).	Burning	can	cause	higher	maximum	
and	 lower	minimum	near-	surface	 soil	 temperatures	 in	 the	years	 fol-
lowing	a	fire	(Brown	et	al.,	2015),	which	may	impact	Sphagnum	growth	
negatively	 (Walker,	Ward,	Ostle,	&	Bardgett,	 2015).	 Interactions	 be-
tween	vegetation	properties,	fire	severity	and	local	soil	conditions	may	

























peatland	 is	 affected	 by	widespread	management	 practices	 (burning	
and	grazing),	atmospheric	pollution,	and	 interactions	between	 these	
drivers	 is	 not	 clear.	 In	 the	 UK,	 prescribed	 vegetation	 burning	 and	
atmospheric	 pollution	 both	 intensified	 during	 the	 20th	 century,	 so	
knowledge	of	their	interactive	effects	is	valuable.
In	 this	 paper,	 we	 present	 the	 first	 synthesis	 of	 national	 scale	





abundance	of	 four	key	taxa	 (Sphagnum	spp.,	C. vulgaris, E. vaginatum 
and C. introflexus).	The	findings	are	discussed	in	the	context	of	peat-
land	restoration	and	management.





12–15	 sampling	 plots	 evenly	 distributed	 between	 top,	 mid	 and	 toe	
slope	positions	in	each	of	five	unburned	and	five	burned	catchments	in	
the	English	Pennines	(Table	1)	(Brown,	Holden,	&	Palmer,	2014).	Within	
each	 burned	 site,	 plots	 were	 distributed	 between	 four	 age	 classes;	
burned	 <2	years	 (B2),	 3–4	years	 (B4),	 5–7	years	 (B7)	 and	 >10	years	






The	 second	 source	was	 a	 habitat	 condition	monitoring	 data-
set	(henceforth	CM	data).	This	was	derived	from	a	representative	
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sample	of	mapped	habitat	polygons	 in	Natural	England’s	Blanket	
Bog	 Priority	 Habitat	 Inventory.	 Percentage	 cover	 values	 for	 in-




≥30	cm	were	used	 in	 this	 analysis;	 30	cm	 representing	 the	mini-
mum	depth	on	which	blanket	peatland	vegetation	normally	occurs	
(Lindsay,	 2010).	 Satellite	 imagery	 from	 Google	 Earth™	 and	 Bing	
Maps™	was	 used	 to	 determine	whether	 plots	 had	 been	 recently	
burned	(788,	41.6%)	or	not	(1105)	based	on	the	visibility	of	burn	
patches.	This	is	an	effective	method	for	determining	the	burn	sta-
tus	 of	 areas	 of	 peatland	 (Allen,	Denelle,	 Ruiz,	 Santana,	&	Marrs,	
2016;	 Yallop	 et	al.,	 2006).	 However,	 in	 this	 instance,	 it	 was	 not	
possible	 to	determine	 the	age	of	 individual	burn	patches,	 so	 the	
‘burned’	 category	 encompassed	 a	 range	 of	 burn	 ages.	 The	 time	
taken	 for	visual	 recovery	after	burning	varies	 according	 to	vege-
tation	 regeneration,	but	 is	usually	 at	 least	25	years	where	dwarf	
shrubs	are	abundant	(Yallop	et	al.,	2006).	Detection	of	burning	on	
grass	dominated	moorland	 from	 imagery	 is	problematic	due	 to	a	
short-	lived	burn	signature	 (Yallop	et	al.,	2006),	so	303	plots	with	


















Site Region NVC type(s)
Burned
Bull	Clough Peak	District H9b	(Calluna vulgaris—Deschampsia flexuosa 
heath),	M6	(Carex echinata—Sphagnum 
recurvum/auriculatum mire)
Eggleshope	Beck North	Pennines M19a	(Calluna vulgaris—Eriophorum vaginatum 
blanket	mire)
Lodgegill	Sike North	Pennines M6,	H12a	(Calluna vulgaris—Vaccinium myrtillus 
heath),	M19a
Rising	Clough Peak	District H9b
Woo Gill Yorkshire	Dales M19a,	M20b	(Eriophorum vaginatum	blanket	
and	raised	mire)
Unburned
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2.2 | Data analysis
Statistical	 analyses	were	 carried	out	 in	R	3.1.1	 (R	Development	Core	
Team,	2010)	with	the	packages	ggplot2	(Wickham,	2009),	lme4	(Bates,	
Maechler,	Bolker,	&	Walker,	2015),	MASS	(Venables	&	Ripley,	2002)	and	
vegan	 (Oksanen	 et	al.,	 2013).	 To	 explore	 how	 vegetation	 community	











Relationships	between	cover	of	key	 taxa	 (Sphagnum	 spp.,	C. vul-




























(df	=	9,106,	R2	=	0.40,	p < .001)	and	burn	status	 (all	 levels	 included,	

















In	 the	NMDS	ordination	of	 the	CM	data,	 unburned	 and	burned	
plots	occupy	overlapping	areas	in	the	ordination	space	(Figure	3),	but	
with	a	greater	concentration	of	unburned	and	burned	sites	 in	nega-
tive	 and	 positive	 regions	 of	 axis	 1	 respectively.	 PERMANOVA	 indi-
cated	 a	 significant	 difference	 between	 burned	 and	 unburned	 plots	
(df	=	1,1892,	R2	=	0.05,	p < .001).	Geographic	 location	 (northing	 and	
easting),	 physical	 site	 attributes	 (slope,	 elevation	 and	 peat	 depth),	
browsing	and	five	atmospheric	pollution	variables	were	all	associated	
with	species	composition	(Figure	3).
3.2 | Relationships between key taxa and 
environmental variables
Results	 from	 the	GLMM	models	 revealed	 that	 several	 environmen-
tal	 and	 management	 variables	 were	 correlated	 with	 cover	 of	 key	
taxa	 (Figure	4,	 Table	S4).	 At	 EMBER	 sites,	 differences	 in	 Sphagnum 
and C. vulgaris	cover	between	unburned	plots	and	plots	of	different	
burn	ages	were	not	significant,	but	there	was	less	E. vaginatum on B2 
and	B7	plots	 than	unburned	plots.	Mean	E. vaginatum	 cover	 values	
were	 11.8%	 and	 4.9%	 for	 B7	 and	B2	 plots	 compared	 to	 18.1%	on	
unburned	plots.	Conversely,	there	was	more	C. introflexus	on	B2,	B4	






The	 CM	 data	 indicated	 less	 Sphagnum	 on	 burned	 plots	 with	 a	
mean	cover	of	8.2%	compared	to	10.5%	on	unburned	plots,	and	also	
on	 plots	with	 livestock	 droppings	with	 a	mean	 cover	 of	 6.7%	 com-
pared	 to	 10.7%	 on	 those	 without	 (Figure	5,	 Table	S4).	 There	 was	
more C. vulgaris on	burned	plots	with	37.5%	mean	cover	 compared	
to	10.7%	on	those	without,	and	less	C. vulgaris	on	plots	with	livestock	
droppings	with	a	mean	of	12.3%	cover	compared	to	24.4%	on	plots	
without	 droppings.	 Plots	 further	 north	 were	 associated	 with	 more	
Sphagnum,	C. vulgaris and E. vaginatum,	while	elevation	was	positively	
correlated	with	C. vulgaris and E. vaginatum	but	negatively	correlated	
with	Sphagnum.	Nitrogen	deposition	had	a	negative	relationship	with	
Sphagnum.
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Analysis	 of	 the	 two	 datasets	 revealed	 that	 blanket	 peat	 vegetation	
community	 composition	 is	 associated	with	burning	 status,	 grazing,	 at-
mospheric	pollution	and	site	physical	attributes	 including	northing	and	












4.1 | Drivers of community composition
Analyses	 spanning	 regional	 to	 national	 scales	 both	 suggested	 that	
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dicated	 that	 burned	 plots	 of	 different	 ages	were	 more	 similar	 to	
each	other	than	to	unburned	plots,	suggesting	that	vegetation	was	
still	 distinct	 from	 unburned	 sites	 10+years	 after	 burning.	 Full	 re-
covery	may	depend	on	 re-	establishment	of	 features	 including	mi-
crotopography,	 thermal	 regime	 and	 hydrological	 function,	 which	













vulgaris,	(c)	Eriophorum vaginatum	and	(d)	Campylopus introflexus cover 
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can	take	several	years	(e.g.	Brown	et	al.,	2015;	Holden	et	al.,	2015).	
The	vegetation	of	the	unburned	sites	shows	a	clear	divide	between	
North	 and	 South	 Pennine	 sites	 in	 the	 EMBER	 NMDS	 ordination	
(Figure	2)	 in	 line	 with	 the	 two	 mire	 NVC	 types	 they	 supported	
(Table	1).	However,	 this	north–south	divide	 is	not	apparent	 in	 the	
burned	plots,	 and	 three	of	 the	 five	burned	 sites	 supported	heath	
vegetation	types	associated	with		burning,		grazing	and	atmospheric	
pollution	(Elkington	et	al.,	2001).	This		suggests	that	geographically	

































and	 the	most	 ecologically	 important	 species	 on	UK	 blanket	 peatland	
sites	(Averis	et	al.,	2004);	however,	it	is	possible	that	further	differences	
in	 the	 vegetation	 composition	 of	 plots	 would	 be	 observed	 with	 the	 
inclusion	of	rarer	species.
4.2 | Variation in Sphagnum cover
Analysis	of	the	CM	data,	compiled	from	1893	plots	at	85	sites	across	
England,	indicated	lower	Sphagnum	cover	on	average	where	burning	was	






perimental	 plots	 are	 surrounded	 by	 intact	 peatland	 vegetation	which	










were	 not	 significant,	 although	 effect	 directions	were	 negative	with	
the	exception	of	B4	plots.	These	findings	contrast	with	the	significant	
relationship	 in	 the	 larger	 CM	dataset.	 It	 is	 possible	 that	 changes	 in	
Sphagnum	 abundance	after	burning	were	asynchronous	across	sites,	
or	that	the	number	of	EMBER	plots	(3	per	burn	age	×	5	sites)	did	not	
control	 adequately	 for	 other	 factors	 affecting	Sphagnum abundance 
(e.	g.	burn	severity,	microtopography	and	livestock	access).








The	 significantly	 more	 negative	 relationship	 between	 nitro-





this	 interaction	 suggests	 that	 vulnerability	may	 intensify	 if	 burning	
continues	 to	 increase.	The	positive	 relationship	between	Sphagnum 












4.3 | Variation in Calluna vulgaris cover
The	greater	C. vulgaris	 cover	on	burned	 sites	 in	 the	CM	data	was	
expected,	 as	 burning	 is	 often	 practised	 to	 regenerate	 heather.	 It	
could	be	suggested	that	dwarf-	shrub	dominated	vegetation	is	more	
likely	 to	 be	 selected	 for	 burning,	 but	 all	 plots	were	on	deep	peat	
(>30	cm),	which	suggests	that	this	vegetation	type	is	itself	a	legacy	
of	management.	On	intact,	Sphagnum-	dominated	blanket	peatland,	
















4.4 | Variation in Eriophorum vaginatum cover
The	lower	cover	of	E. vaginatum	on	plots	burned	2,	7	and	10+years	
ago	 compared	 to	 plots	 at	 unburned	 EMBER	 sites	 was	 unexpected	
given	the	dominance	after	fire	observed	in	past	studies	(Hobbs,	1984).	
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and	 nitrogen	 deposition	with	 E. vaginatum	 observed	 in	 the	 EMBER	
data	could	indicate	that	after	damage	by	burning,	E. vaginatum	is	more	
susceptible	to	nutrient-	driven	competition	(Wein	&	Bliss,	1973).
4.5 | Variation in Campylopus introflexus cover
Results	from	the	EMBER	data	suggested	that	C. introflexus	colonises	
rapidly	 after	 burning	 and	 can	 sustain	 increased	 cover	 for	 at	 least	
7	years	post	burn.	This	is	consistent	with	reports	of	C. introflexus colo-
nising	bare	and	disturbed	peat	(Equihua	&	Usher,	1993)	and	suggests	
that	disturbance	 including	burning	may	have	assisted	 the	 spread	of	
this	 non-	native	 species	 in	 Europe.	 Cover	 was	 less	 at	 higher	 eleva-
tions,	which	could	 indicate	climatic	preferences	or	 limited	dispersal.	







trend	 of	 further	 encroachment	 of	 prescribed	 burning	 onto	 blanket	
peatland	 continues,	 our	 results	 suggest	 that	 a	 shift	 towards	 greater	
cover of C. vulgaris and C. introflexus,	less	of	the	peat	formers	E. vagi-
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